The reasons why aminoglycosides are bactericidal have not been not fully elucidated, and evidence indicates that the cidal effects are at least partly dependent on iron. We demonstrate that availability of iron markedly affects the susceptibility of the facultative intracellular bacterium Francisella tularensis strain SCHU S4 to the aminoglycoside gentamicin. Specifically, the intracellular depots of iron were inversely correlated to gentamicin susceptibility, whereas the extracellular iron concentrations were directly correlated to the susceptibility. Further proof of the intimate link between iron availability and antibiotic susceptibility were the findings that a ⌬fslA mutant, which is defective for siderophore-dependent uptake of ferric iron, showed enhanced gentamicin susceptibility and that a ⌬feoB mutant, which is defective for uptake of ferrous iron, displayed complete growth arrest in the presence of gentamicin. Based on the aforementioned findings, it was hypothesized that gallium could potentiate the effect of gentamicin, since gallium is sequestered by iron uptake systems. The ferrozine assay demonstrated that the presence of gallium inhibited >70% of the iron uptake. Addition of gentamicin and/or gallium to infected bone marrow-derived macrophages showed that both 100 M gallium and 10 g/ml of gentamicin inhibited intracellular growth of SCHU S4 and that the combined treatment acted synergistically. Moreover, treatment of F. tularensis-infected mice with gentamicin and gallium showed an additive effect. Collectively, the data demonstrate that SCHU S4 is dependent on iron to minimize the effects of gentamicin and that gallium, by inhibiting the iron uptake, potentiates the bactericidal effect of gentamicin in vitro and in vivo.
F
rancisella tularensis is the etiological agent of the zoonotic disease tularemia. The bacterium has the capability to infect via many different routes, and the most common clinical manifestation is through vector-borne transmission, which leads to ulceroglandular tularemia (1) . Another common route is through inhalation, which leads to respiratory tularemia, the most serious form of the disease (1) . There are several subspecies of F. tularensis, and of these, the two clinically important forms are F. tularensis subsp. holarctica and F. tularensis subsp. tularensis (2) . The latter is the more virulent form, and in the preantibiotic era, the respiratory form had a case-fatality rate of more than 50%. F. tularensis is a facultative intracellular bacterium capable of infecting many forms of cells; however, by far the most studied interaction is between F. tularensis and monocytic cells (3) . As for other intracellular bacteria, the uptake of iron is critical for the successful replication, but in this regard F. tularensis is unusual since previous studies have identified only two iron uptake systems; the ferrous iron (feo) and the ferric siderophore (fsl) systems (4) . The exact roles and contributions of these systems for efficient intramacrophage replication of the highly virulent strains are not clear, but efficient replication of the live vaccine strain of F. tularensis (LVS) in macrophages requires either one (5, 6) .
The first-line treatments for tularemia are tetracyclines, quinolones, and aminoglycosides (7) . The tetracycline of choice is doxycycline, which has good pharmacokinetic properties and low toxicity; however, due to its bacteriostatic nature, relapses are fairly common, and it is therefore not indicated for severe forms of tularemia. In contrast, the bactericidal nature of quinolones renders them promising therapeutic alternatives, although the clinical efficacy of ciprofloxacin has been validated only for infections caused by F. tularensis subsp. holarctica (7) . Isolates of F. tularensis subsp. tularensis are susceptible to ciprofloxacin in vitro (8) . Therefore, gentamicin is the drug of choice for treatment of more severe cases of tularemia.
Gentamicin, like all other aminoglycosides, has a bactericidal mode of action and acts through binding to the ribosome and various ribozymes, thereby leading to inhibition of protein synthesis (9) . It is used to treat many types of bacterial infections, particularly those caused by Gram-negative organisms. The reasons why aminoglycosides are bactericidal have still not been fully elucidated, and recently the mechanisms of action have been much disputed. It has been suggested that the effects of aminoglycosides and other bactericidal antibiotics are mediated through the production of reactive oxygen species (ROS), and it was proposed that this, in turn, causes destabilization of iron-sulfur (Fe-S) clusters and generates highly toxic, bactericidal compounds through the Fenton reaction (10, 11) . Several pieces of recent evidence argue against an involvement of ROS, however, since it has been demonstrated that killing of Escherichia coli by aminoglycosides is also effectuated under anaerobic conditions, and the aminoglycoside susceptibility is not enhanced for strains that lack ROS-detoxifying enzymes, although they are hypersusceptible to ROS (12, 13 ). An alternative hypothesis postulates that the role of Fe-S proteins in aminoglycoside susceptibility is due to the promotion of the uptake of the antibiotics (13) .
Although the hypothesis that the primary killing mechanism effectuated by bactericidal antibiotics is dependent on ROS has been debated, there is still ample evidence that antibiotic-mediated killing indirectly may involve ROS. One such example is the finding that iron availability is important for the execution of antibiotic-mediated killing, since it was found that ferric iron promoted bacterial death via the Fenton reaction, iron chelation mitigated the antibiotic effects, and the susceptibility was closely correlated to the activity of the ferric reductase (14, 15) . Besides the demonstrations that iron availability affects antibiotic susceptibility, there is also evidence that iron sequestration can potentiate antibiotic-mediated antibacterial effects in vitro. In support of this, several studies have demonstrated synergistic effects between aminoglycosides and iron chelation against multiple Gram-negative and Gram-positive bacteria (16, 17) . In view of the recent demonstration that Fe-S proteins promote uptake of aminoglycosides, the exact mechanisms behind the documented enhancement of antibiotic effects in vitro by iron chelation are unclear.
There is also direct chemical evidence that aminoglycosides form ROS in the presence of iron, since in the presence of polyunsaturated lipids, arachidonic acid is formed, which in turn forms a ternary complex with iron and gentamicin that leads to peroxidation (18) . This has been postulated to be a basis for the well-known ototoxic effects of aminoglycosides but could also explain some of the bactericidal effects (19) . Besides ototoxic effects, aminoglycosides also demonstrate nephrotoxic effects (19) . These serious side effects also provide incentives to find means to potentiate the efficaciousness of aminoglycosides, which could allow the use of lower doses of gentamicin and thereby mitigation of the side effects. Previous examples of combination therapies to potentiate the efficacy of aminoglycosides include the use of gallium or the iron chelator deferoxamine in combination with gentamicin, which showed excellent effects on rabbit corneal infection caused by Pseudomonas aeruginosa (20) . Similarly, liposome encapsulation of gallium and gentamicin showed efficacy superior to that of gentamicin alone for eradication of a P. aeruginosa biofilm (21) . Thus, there is direct evidence that the efficacy of aminoglycosides can be potentiated through the use of iron chelation or by the addition of other metals, such as gallium, which presumably competitively displaces iron. Gallium is in itself a potential antibacterial compound with demonstrated efficacy against both Gram-positive and Gram-negative bacteria (22) (23) (24) (25) . It is assumed that gallium is sequestered by iron uptake systems, since Ga(III) ligand chemistry shares similarity with that of ferric iron and it also potently binds siderophores used for iron uptake (20, 22, 26) .
Gentamicin is a hydrophilic molecule and as such is considered to have limited capacity to penetrate into eukaryotic cells (27) . In view of this, it would be logical if the antibiotic would show limited efficacy against intracellular organisms; however, it is among the recommended therapies against various facultative intracellular organisms, e.g., F. tularensis (7) . Considering the limited intracellular concentrations of gentamicin and the predominant intracellular localization of F. tularensis, it is likely that the ability of gentamicin to eradicate F. tularensis could be enhanced. In view of the previous demonstration that gallium alone showed efficaciousness in an intranasal challenge model with Francisella novicida (24) in conjunction with the many publications that demonstrate critical roles of iron in the intracellular replication and virulence of F. tularensis (4, 5, 24, (28) (29) (30) (31) (32) , we anticipated that a better understanding of how the requirement for iron affects antibiotic susceptibility of the bacterium would provide important clues to improved treatment regimens, and we hypothesized that gallium could potentiate the effect of gentamicin. We here demonstrate that gallium effectively inhibits the replication of F. tularensis in broth and during intracellular infection as well as in vivo, and these effects were partly synergistic with gentamicin.
MATERIALS AND METHODS
Bacterial strains. F. tularensis LVS was originally obtained from the American Type Culture Collection. (ATCC 29684). The F. tularensis subspecies tularensis strain SCHU S4 was obtained from the Francisella Strain Collection (FSC), Swedish Defense Research Agency, Umeå. The construction of the ⌬fslA and ⌬fupA deletion mutants has been described elsewhere (29) .
The ⌬feoB mutant was generated by allelic replacement essentially as described previously (33) . Briefly, the fragments located upstream or downstream of the gene were amplified by PCR, and a second overlapping PCR using purified fragments 1 and 2 as templates was performed. After restriction enzyme digestion and purification, PCR fragments were cloned into the pDMK2 vector. The resulting plasmids were first introduced into E. coli S17-1 and then transferred to SCHU S4 by conjugation. Clones with plasmids integrated into the chromosome by a single recombination event were selected on plates containing kanamycin and polymyxin B. Integration was verified by PCR. Clones with integrations were then subjected to sucrose selection. This procedure selected for a second crossover event in which the integrated plasmid, carrying sacB, was excised from the chromosome. Kanamycin-sensitive, sucrose-resistant clones were examined by PCR, confirming the deletion of the genes. All primer sequences and detailed descriptions of the construction of the plasmids used to generate mutants are available upon request. All bacteriological work involving F. tularensis SCHU S4 was carried out in a biosafety level 3 facility certified by the Swedish Work Environment Authority.
Preparation of growth media. Chamberlain's defined medium (CDM) was produced as described previously (2) . This medium contains 2.0 g/ml FeSO 4 . Deferoxamine (DFO) (Sigma-Aldrich, St. Louis, MO, USA) was added to prepare agar plates devoid of free iron in the medium, and these were designated DFO plates. These plates were composed of 1 part 4% GC II agar base (BD Diagnostic Systems, Sparks, MD), 1 part CDM without FeSO 4 , and 25 g/ml DFO. F. tularensis strains grown on agar plates with DFO have an iron content of less than 0.2 nmol/unit of optical density at 600 nm (OD) (29) . Strains grown on DFO plates were denoted iron depleted.
MC plates were composed of 1% (wt/vol) hemoglobin (Oxoid LTD, Hampshire, England), 3.6% (wt/vol) GC agar base (BD Diagnostic Systems), and 1% (vol/vol) IsoVitaleX (BD Diagnostic Systems). F. tularensis subspecies tularensis strains cultivated on these plates have an iron content of about 7 nmol Fe/OD unit (29) . Strains grown on MC plates were denoted iron replete.
Growth in CDM. F. tularensis strains cultivated on MC plates or DFO plates were suspended in CDM to an OD of 0.1. Gentamicin (Sigma) and gallium-citrate (a gift from Madeleine Ramstedt, Department of Chemistry, Umeå University, Umeå, Sweden) were supplied alone or in combination to the cultures as indicated for each experiment. In some experiments, CDM was supplemented with 10 g/ml FeSO 4 to reach a final concentration of 12 g/ml FeSO 4 . The tubes were incubated at 37°C with agitation at 200 rpm, and the OD was measured at the indicated time points.
Etest. Iron-depleted bacteria (100 l) were seeded at a density of 3 ϫ 10 7 CFU/ml on CDM agar plates containing 2, 6, or 24 g/ml of FeSO 4 . An Etest strip with gentamicin (bioMérieux Nordic, Askim, Sweden) was placed on the agar. The plate was incubated for 3 days at 37°C in 5% CO 2 , and then the MIC was determined.
Ferrozine assay. A ferrozine-based method was used to measure the total amount of iron in the bacterial samples, as previously described (30) . Bacteria were cultivated in CDM and collected by centrifugation for 3 min at 13,000 rpm. The bacteria were thereafter washed twice in phosphate-buffered saline (PBS), followed by centrifugation for 5 min at 13,000 rpm, and the resulting bacterial pellet was lysed with 100 l of 50 mM NaOH. The solution was mixed thoroughly to ensure complete lysis of the bacteria. One hundred microliters of 10 mM HCl was added to the lysate. To release protein-bound iron, the samples were treated with 100 l of a freshly prepared solution of 0.7 M HCl and 2.25% (wt/vol) KMnO 4 in H 2 O and incubated for 2 h at 60°C. All chemicals used were from SigmaAldrich. Thereafter, the samples were mixed with 100 l of iron detection reagent composed of 6.5 mM ferrozine, 6.5 mM neocuproine, 2.5 M ammonium acetate, and 1.0 M ascorbic acid dissolved in water. The samples were incubated for 30 min, and insoluble particles were removed by centrifugation. Two hundred microliters of the supernatant was transferred to a 96-well plate and the A 562 determined in a microplate reader (Paradigm; Beckman Coulter, Bromma, Sweden). The iron content of the sample was calculated by comparing its absorbance to that of a range of samples with FeCl 3 concentrations in the range of 0 to 40 M that had been prepared identically to the test samples. The detection limit of the assay was 1 M Fe.
Infection of BMDM. Bone marrow-derived macrophages (BMDM) were obtained by flushing bone marrow cells from the femurs and tibias of C57BL/6 mice. These cells were cultured for 7 days in Dulbecco modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS) and 20% conditioned media (CM) from L929 cells (ATCC CCL-1) overexpressing macrophage colony-stimulating factor (M-CSF). CM was replaced every 2 to 3 days. The day before infection, macrophages were seeded at a density of 3 ϫ 10 5 cells/well in a 24-well tissue culture plate in DMEM (GIBCO BRL, Grand Island, NY, USA) with 10% heat-inactivated FBS (GIBCO). Following overnight incubation, cells were washed, reconstituted with fresh culture medium, and allowed to recover for at least 30 min prior to infection. A multiplicity of infection (MOI) of 30 was used, and phagocytosis of the bacteria was allowed to proceed for 90 min. Thereafter, the monolayer was washed three times and fresh medium added. The time point after the washing was defined as 0 h. For the remainder of the experiment, 10 g/ml of gentamicin and/or 100 M gallium was added to some of the wells. At 0 and 17 h, the macrophage monolayers were washed three times with DMEM and thereafter lysed with 200 l of 0.1% deoxycholate, and the number of intracellular bacteria was determined by plating 10-fold serial dilutions of the lysates in PBS. The assay was performed in triplicates and repeated three times.
Mouse infection. To measure the bacterial burden in spleen and liver, C57BL/6 female mice (n ϭ 6 and n ϭ 4) were infected subcutaneously with approximately 2 ϫ 10 4 of F. tularensis LVS. Starting 24 h after inoculation, mice were given daily intraperitoneal injections of either PBS (300 l/mouse), gentamicin (0.2 mg/mouse), gallium-citrate (0.6 mg/mouse), or both of the last two substances. In addition, mice receiving gallium were given one dose at 6 h after inoculation. Mice were examined twice daily for signs of severe infection, but no mice showed signs leading to euthanasia. The experiment was terminated after 4 days. The number of bacteria was determined by plating 10-fold serial dilutions of homogenized organs in PBS. All animal experiments were approved by the Local Ethical Committee on Laboratory Animals, Umeå, Sweden (A99-11 and A67-14).
Statistical analysis. One-way analysis of variance (ANOVA) with a post hoc Bonferroni test was used to assess differences among treatments with regard to growth inhibition in CDM, BMDM, and mice, and if significant effects were found by this analysis, the Bliss independence test was applied to determine if there were synergistic effects (34) .
RESULTS

Iron availability and gentamicin susceptibility of SCHU S4.
Based on the complex role of iron in antibiotic susceptibility, we tested whether the iron pool and the availability of iron in the medium influenced the susceptibility of SCHU S4 to gentamicin. The iron pool was depleted by culturing the bacteria on DFO plates overnight as previously described (30) . Regardless of the size of the iron pool and the iron concentration in the medium, bacteria reached an OD of Ͼ2.0 after 24 h of cultivation (Fig. 1A  and B) . The MICs of gentamicin to inhibit growth of SCHU S4 in CDM were found to be approximately 1.0 and 1.25 g/ml with 2 and 12 g/ml of FeSO 4 , respectively, regardless of the size of the iron pool (data not shown).The concentration of 0.5 g/ml of gentamicin was used in the subsequent experiments.
Gentamicin-induced growth inhibition was most pronounced when the bacteria had an intact iron pool and were grown in medium with 2 g/ml FeSO 4 (Fig. 1A) . This growth inhibition was significantly decreased when iron-replete bacteria were grown in medium with 12 g/ml FeSO 4 ( Fig. 1A) (P Ͻ 0.001), and a similar iron-dependent effect was observed for the iron-depleted bacteria (Fig. 1B) (P Ͻ 0.01). Thus, a high iron concentration in the medium decreased the gentamicin-induced growth inhibition regardless of the intracellular iron pool of the bacteria. Notably, regardless of the extracellular iron concentration, the effect of gentamicin was much more pronounced when bacteria were iron replete than when they were iron depleted (Fig. 1A and B) (P Ͻ 0.01).
Similarly to the bacteria grown in CDM, the susceptibility to gentamicin of SCHU S4 growing on agar was correlated to the iron concentration in the medium. By use of the Etest, it was observed that the MIC gradually increased and was 0.12, 0.19, and 0.25 g/ml in the presence of 2.0, 6.0, and 24 g/ml of FeSO 4 , respectively.
In summary, the initial intracellular and extracellular levels of iron showed opposite effects on the susceptibility of SCUH S4 to gentamicin, since the bacterium exhibited minimal susceptibility when the iron pool was depleted prior to the gentamicin exposure and the extracellular iron concentration was high during the exposure. As the former condition leads to upregulation of the iron uptake, the findings imply that a high uptake of iron is a means of SCHU S4 to minimize the effects of gentamicin. In view of this, we next intended to understand how the availability of iron affected the susceptibility to gentamicin.
FslA-and FeoB-dependent iron uptake and gentamicin susceptibility. The role of iron and iron uptake in the susceptibility of SCHU S4 to gentamicin was evaluated by use of two mutants: a ⌬fslA mutant, which is defective for siderophore-dependent uptake of ferric iron, and a ⌬feoB mutant, which is defective for uptake of ferrous iron. After cultivation in medium with 2 g/ml of FeSO 4 and 0.5 g/ml of gentamicin, the iron-depleted ⌬fslA mutant showed impaired growth (P Ͻ 0.05 versus SCHU S4) and the ⌬feoB mutant showed virtually no growth (P Ͻ 0.001) (Fig.  2A) . Notably, the ⌬feoB mutant exhibited essentially no growth in the presence of 0.5 g/ml of gentamicin even in medium with 12 g/ml of FeSO 4 (Fig. 2B) . Growth of SCHU S4 and the ⌬fslA mutant was significantly enhanced in the presence of 12 g/ml versus 2.0 g/ml of FeSO 4 (P Ͻ 0.01 and P Ͻ 0.001, respectively) ( Fig. 2A and B) , and the former grew most effectively (P Ͻ 0.05) (Fig. 2B) .
If the availability of iron is important for F. tularensis to resist gentamicin, then the efficacy of the iron uptake should play a role; therefore, this was assessed by measuring the iron pool of irondepleted bacteria incubated in medium with 2 g/ml of FeSO 4 for 2 h. SCHU S4 and the ⌬fslA mutant acquired 3.4 Ϯ 0.4 and 3.3 Ϯ 0.4 nmol Fe, respectively, per OD unit, whereas the ⌬feoB mutant acquired only 1.3 Ϯ 0.3 nmol (P Ͻ 0.01).
In summary, the results imply that FeoB is crucial for SCHU S4 to resist the antibacterial effect of gentamicin and that it was the main molecular mechanism responsible for the uptake of iron from FeSO 4 . Based on this dependency on iron uptake and existing knowledge regarding the potential of gallium to utilize iron uptake mechanisms in F. tularensis (24) , it was hypothesized that gallium could potentiate the effect of gentamicin.
Iron and gallium susceptibilities of SCHU S4. Conditions under which gallium restricted growth of SCHU S4 were identified by exposing the bacterium to the substance under variable iron conditions. Growth of SCHU S4 bacteria with an intact iron pool was marginally affected by gallium (Fig. 1A) . The gallium-induced growth inhibition was most pronounced when the bacteria had a depleted iron pool and were cultivated in medium with 2 g/ml of FeSO 4 , whereas a concentration of 12 g/ml of FeSO 4 significantly reduced this growth inhibition (P Ͻ 0.001) (Fig. 1B) .
Thus, addition of gallium led to marked growth inhibition when the iron pool had been depleted and bacteria were cultivated in medium with low iron concentration. The ferrozine assay was used to assess how the different conditions actually affected the uptake of iron. After 4 h, iron-depleted SCHU S4 incubated in medium supplemented with 2 or 12 g/ml FeSO 4 had accumulated 5.0 Ϯ 0.2 and 95 Ϯ 8 nmol Fe/OD unit, respectively, whereas the corresponding iron pools were 1.1 Ϯ 0.4 and 12.9 Ϯ 0.9 nmol/OD unit in the presence of 100 M gallium.
Synergism of gentamicin and gallium. The finding that SCHU S4 was dependent on high iron uptake to resist the effects of gentamicin, together with the ability of gallium to inhibit iron uptake, led to the hypothesis that gallium could potentiate the antibacterial effect of gentamicin. Accordingly, when iron-depleted bacteria were grown in medium with either 0.5 g/ml of gentamicin or 100 M gallium, prominent growth inhibition was observed (P Ͻ 0.01 for gallium and P Ͻ 0.001 for gentamicin) (Fig. 3) . When a combination of these substances was added to the medium, growth of SCHU S4 was inhibited to a significantly greater extent than with either substance alone (P Ͻ 0.01) (Fig. 3) and in a synergistic manner (Table 1) . Not surprisingly, in view of the resistance of iron-replete bacteria to gallium, the synergistic effect of gentamicin and gallium was not apparent in cultures with ironreplete SCHU S4 (data not shown). In summary, gallium reduced the iron uptake of SCHU S4 and acted in synergy with gentamicin to inhibit bacterial growth. The findings lend further support to the hypothesis that limiting the iron uptake renders F. tularensis more susceptible to the antibacterial effects of gentamicin.
Effect of gentamicin and gallium on growth of SCHU S4 in BMDM. In view of the observed synergistic effect of gentamicin and gallium under in vitro conditions, we asked if such a synergistic effect also occurred during intracellular infection. To this end, BMDM were infected with SCHU S4, and 10 g/ml of gentamicin and/or 100 M gallium was added to the cultures. The number of intracellular bacteria was analyzed at 6 and 17 h, time points where the cells showed no signs of cytotoxicity as determined by microscopy and lactate dehydrogenase (LDH) release.
At 6 h in untreated and gentamicin-treated cultures, SCHU S4 had grown less than 0.5. log 10 , and this growth was reduced, albeit not significantly, in the presence of gallium (Fig. 4) . Nevertheless, a combination of gentamicin and gallium significantly inhibited the growth (P Ͻ 0.01 versus mock and gentamicin treatments), and the effect was synergistic (Fig. 4 and Table 1) .
At 17 h in nontreated cultures, SCHU S4 had grown Ͼ1.0. log 10 , and this growth was reduced, albeit not significantly, in the presence of gentamicin, whereas the growth was reduced on average 0.7 log 10 in the presence of gallium (P Ͻ 0.001 versus mock treatment and 0.01 versus gentamicin treatment) (Fig. 4) . When a combination of gentamicin and gallium was added to the medium, growth of SCHU S4 was inhibited to a significantly greater extent than with either substance alone (P Ͻ 0.001 versus gentamicin treatment and 0.01 versus gallium treatment), and the effect was synergistic (Fig. 4 and Table 1 ).
In summary, gallium effectively inhibited the intracellular replication of F. tularensis in BMDM and showed a synergistic antibacterial effect with gentamicin.
Effect of gentamicin and gallium on growth of F. tularensis LVS in mice.
We also investigated whether the observed synergistic effects of gentamicin and gallium in vitro had any relevance in vivo. Mice were inoculated subcutaneously with a sublethal dose of 2 ϫ 10 4 CFU of F. tularensis LVS and groups of mice treated with gallium (0.6 mg/mouse) and/or gentamicin (0.2 mg/mouse). Bacterial numbers in liver and spleen were determined after 4 days, a time point when maximal numbers of bacteria are present (35) . Livers and spleens of control mice contained on average 5.2 and 6.1 log 10 , respectively. There was a significant inhibition of bacterial growth in both organs of mice treated with gentamicin (P Ͻ 0.001) and in livers and spleens of mice treated with gallium (P Ͻ 0.01 and P ϭ 0.05, respectively) (Fig. 5) . Notably, inhibition of growth was greater in livers of mice receiving both gentamicin and gallium than in those receiving either substance alone (P Ͻ 0.001), and this combined effect was additive (Fig. 5 and Table 1) . Such a combined effect of gentamicin and gallium was not observed in spleen. Thus, the data demonstrated that both gallium and gentamicin had potent bactericidal effects in infected mice and that together they showed additive effects in liver. b If two drugs work independently, the combined percent inhibition, Y ab ,P, can be predicted using the complete additivity of the probability theory, i.e.,
where Y a is the observed percent inhibition of drug A and Y b is the observed percentage inhibition of drug B. This formula was used to calculate the predicted combined percent inhibition by gentamicin and gallium. c Synergistic indicates that in each separate experiment, the observed values were significantly different from the predicted value according to the one-sample t test. Additive indicates that in each separate experiment, the observed values were not significantly different from the predicted value according to the one-sample t test.
FIG 4
Gentamicin-and gallium-induced growth inhibition of SCHU S4 in BMDM. Cell cultures infected with SCHU S4 were supplemented with PBS (mock), gentamicin (genta) (10 g/ml), gallium (100 M), or both gentamicin and gallium. After 0, 6, and 17 h of incubation, the number of intracellular bacteria was determined, and at 0 h it was on average 4.0 Ϯ 0.1. The box plots represent values from three experiments, each with triplicate samples.
DISCUSSION
In view of the important role of gentamicin as a therapeutic agent for many infections caused by Gram-negative bacteria in general and tularemia in particular, we believed that a thorough understanding of how its mode of action against F. tularensis is affected by the availability of iron would be of relevance. Numerous publications have implied that iron contributes to the bactericidal effect of aminoglycosides; however, the findings have to some extent been contradictory. Some studies implied that ferric iron promoted bacterial death and iron chelation mitigated the antibiotic effect (14, 15) , whereas other studies indicated that iron chelation acted in synergy with aminoglycosides against various Gram-negative and Gram-positive bacteria (16, 17) . We observed that the susceptibility of SCHU S4 to gentamicin in vitro was very significantly affected by both the intracellular iron depots and the extracellular availability of iron. In fact, bacteria depleted of the iron pool and cultivated in medium with a high concentration of iron showed no significant growth inhibition, whereas the effect was very significant if bacteria were iron replete and grown in medium with a low concentration of iron. Since iron depletion will lead to increased iron uptake, we hypothesized that enhancement of iron uptake concomitantly with a surplus of extracellular iron will provide F. tularensis with optimal means to resist the bactericidal activity. Accordingly, the use of the ⌬fslA and ⌬feoB mutants demonstrated that both uptake mechanisms were important for the bacteria to withstand the effects of gentamicin, since both mutants showed increased susceptibility, and this was particularly obvious for the ⌬feoB mutant since it showed virtually no growth. The findings emphasize the important role of iron in the susceptibility of F. tularensis to gentamicin and in particular the availability of ferrous iron. Also, our findings demonstrated that FeoB was by far the most important mediator of iron uptake from medium with FeSO 4 , since the uptake by the ⌬feoB mutant was some 70% lower than that by SCHU S4, whereas the ⌬fslA-mediated uptake was similar to that by the wild-type strain.
FeoB was show to be critical for the ability of SCHU S4 to resist the antibacterial effect of gentamicin and also the main molecular mechanism responsible for the uptake of iron from FeSO 4 . These findings, together with the demonstration of the critical role of iron for bacteria to withstand the bactericidal effect of gentamicin, led to the hypothesis that the effect of gentamicin could be potentiated by gallium, since this metal utilizes iron uptake mechanisms and therefore competitively antagonizes the importance of an increased iron uptake. In addition, it has been shown that gallium per se executes an antibacterial effect against F. novicida (24). First, we observed that the antibacterial effects of gallium in vitro were most pronounced when the iron pool had been depleted and the bacteria were cultivated in medium with a low concentration of iron. In contrast, bacteria with an intact iron pool were only marginally affected by gallium. Thus, the results demonstrated that the effects of gallium were inversely correlated to availability of iron, indicating direct antagonism between the two metals as the mode of action. Since the in vitro findings based on the manipulation of the iron supply suggested that a surplus of iron and upregulated iron uptake both were important for the bacteria to minimize the effects of gentamicin, the collective evidence implied that gallium would counteract these effects and, therefore, possibly enhance the effect of gentamicin.
In accordance with our hypothesis, we found that gallium or gentamicin alone showed prominent inhibitory effects on irondepleted F. tularensis and that the two compounds acted synergistically in vitro. Since the bacterium effectively replicates intracellularly, it was also of relevance to investigate how the antibacterial mechanisms were operative in infected cell cultures. To this end, gallium and/or gentamicin was added to F. tularensis-infected BMDM, and we observed that either inhibited the intracellular bacterial growth. Again, when both substances were added, they exhibited synergistic effects. When mice infected with a sublethal dose were treated with gentamicin and/or gallium, we observed a significant inhibition of bacterial growth in the organs of mice treated with either substance, and an additive effect of the two substances was found in liver. Although the reason for the more profound effect in liver is not known, it has been demonstrated that a considerable proportion of administered gallium is located in the liver and that the concentrations are higher in liver than in spleen (36) . Possibly, the effects in vivo of the combined treatment could be enhanced by improved delivery systems. Also, in view of the intracellular nature of F. tularensis and the hydrophilic nature of gentamicin, the present investigation was of interest from a theoretical point of view, since it could be postulated that the effective intracellular uptake of gallium would potentiate the effects of gentamicin against intracellular bacteria.
Collectively, our findings identify a critical role of iron for the bacteria to withstand the effects of gentamicin, and the antagonistic effect seems to be correlated to the presence of high extracellular concentrations and depleted intracellular depots; presumably, the latter effect is related to upregulation of the iron uptake. Gallium was found to be an effective competitive antagonist of the iron uptake, and the combined synergistic effects of gallium and gentamicin also supported a scenario where the high uptake of iron was critical for the bacterium to withstand the gentamicinmediated effects. In relation to previous data on the effects of iron chelation and the antibacterial effects of gentamicin, our findings support previously published studies that reported an additive or synergistic effect (16, 17) . and spleens of mice. Starting at 24 h after inoculation of bacteria, mice were given daily intraperitoneal injections of either PBS (300 l/mouse), gentamicin (0.2 mg/mouse), gallium (0.6 mg/mouse), or both gentamicin and gallium. In addition, mice receiving gallium were given one dose at 6 h after inoculation. The bacterial numbers in spleens and livers were determined on day 4. The box plots represent bacterial numbers from two experiments (n ϭ 10). The circles and asterisks represent mild and extreme outliers, respectively, as determined by SPSS. The numbers next to the circles and asterisks represent arbitrary designations for the individual values.
Our study focused on the role of iron and did not investigate the role of ROS for the gentamicin-mediated killing. Several pieces of evidence argue, however, against a direct role of ROS. First, the effect of gentamicin was minimized in the presence of a high concentration of iron, an environment which will favor the Fenton reaction and thus should have enhanced the gentamicin-induced killing if the effect was ROS dependent. Second, the inhibitory effect of gentamicin was most prominent for the ⌬feoB mutant, which had a severely impaired iron uptake that should have minimized the Fenton reaction and the effect of ROS. In addition, in a previous study, we studied the ability of F. tularensis to survive in the presence of hydrogen peroxide and observed that strains of F. tularensis subspecies tularensis, e.g., SCHU S4, showed a much more restricted iron uptake and storage than other subspecies and that this correlated to better survival, indicating that minimizing the Fenton reaction was beneficial (30) . These findings are in contrast to the present findings on the ability of the bacterium to withstand the effects of gentamicin and again argue against a role of the Fenton reaction in the latter case.
Altogether, this study demonstrates a promising strategy to potentiate antibiotic effects via manipulation of iron availability. This has been only rarely studied, and in view of the effect observed in vitro and in vivo in the present study, the strategy of combination therapies based on a traditional antibiotic and compounds that affect iron availability should be further evaluated, since they could be promising alternatives when the antibiotic regimens used show limited efficacy due to resistant or inaccessible bacteria.
